Abstract: Recent research has demonstrated that dispersal distance and the square root of home-range size covary proportionately across mammal species. I tested whether these findings could be generalized to another taxon. Breeding territories of some bird species are analogous to mammalian home ranges, so I tested whether dispersal distance and territory size in these birds covaried and were proportional. Variables were log 10 -transformed before analysis. When considered independently of body mass, median natal dispersal distance and breeding territory size were positively related (F [1,29] = 8.91, R 2 = 0.23, P = 0.005). Median dispersal distance was proportionally related to the square root of territory size by a multiple of 12. This relationship was especially strong for non-migrants (F [1,15] = 49.84, R 2 = 0.77, P = 3.87 × 10 -6 ). Maximum natal dispersal distance and breeding territory size also covaried when body size effects were removed, but this relationship was only significant when migrants were removed from the sample (F [1,24] = 5.66, R 2 = 0.19, P = 0.025). Maximum dispersal distance did not have a proportional relationship with territory size. This could result from sampling error or from real processes (e.g., relatively shorter dispersals by birds with large territories). The proportional relationship between median dispersal distance and territory size can be used as a cross-species scaling rule.
Introduction
Dispersal is an important component of population ecology, yet because it is difficult to measure, dispersal has remained poorly understood (Peles et al. 1999) . Bowman et al. (2002) recently demonstrated that dispersal distance in mammals is proportional to the square root of home-range area. They further demonstrated that for mammals, homerange size is a better predictor of dispersal distance than is body mass. Bowman et al. (2002) argued that behaviour and physiology affect the vagility of mammals independently of body mass, such that these two indices of movement (dispersal distance and home-range size) covary proportionately. Thus, mammals with large home ranges (for a given body mass) also will disperse a longer distance than we would expect based on body mass alone. A proportional relationship between dispersal and home-range movements has biological significance. One possible implication is that behavioural and physiological processes have similar effects on both types of movement. Perhaps, for some purposes, we can model these two processes (dispersal and home-range travel) as one larger process called "movement".
A logical extension of this research on mammals is to test whether the results can be generalized to other taxa. In particular, I was interested in the general hypothesis that the extent of different types of space use (e.g., dispersal, home range) covary across species. It has previously been demonstrated that for birds, territory size (Schoener 1968 ) and dispersal distance (Sutherland et al. 2000) both have positive, allometric relationships with body mass. Bigger birds have larger terri-tory sizes and longer dispersal distances than smaller birds. If territory size in birds is similar to home-range size in mammals, relationships among territory size, dispersal distance, and body mass can be compared across bird species. My objective was to test whether the results of Bowman et al. (2002) could be generalized to a taxon other than mammals. I predicted that dispersal distance and territory size in birds should have a positive, proportional relationship when considered independently of body mass. Such a relationship would result if behavioural or physiological characteristics of a given species (e.g., body shape, diet) had similar effects on both dispersal movements and within-territory movements. For example, a long, soft tail can increase the cost of flying (Norberg 1995) . The variation among species in movement ability that is caused by such effects on behaviour and physiology often is called "vagility".
It is possible that bird dispersal distance is not related to species vagility but is instead a function of the distribution of vacant territories. This alternative hypothesis would produce a positive, proportional relationship between dispersal distance and territory size if there is a predictable distribution of vacant territories within any given population; if on average, the ith territory from any natal territory is the closest vacant one. This explanation also assumes that any given population's territories are contiguous, except for exploitable vacancies, and similar in size.
Materials and methods
I used data from Sutherland et al. (2000) for median and maximum natal dispersal distances (km). Birds in their data set served as the pool of species for which I obtained, from published sources, information on territory size (ha). For >90% of species, territory size and dispersal distance estimates were made on separate populations by different investigators. Body mass data (kg) were obtained from Dunning (1993) .
Breeding territory size is partly dependent on the feeding strategy of the bird (e.g., Hinde 1956 ). Some birds feed entirely within their territory, some birds defend only a nest site and feed completely off territory. I was seeking situations that were analogous to mammalian home ranges; thus, only species that feed primarily within their breeding territory were selected. For some species, seasonal home ranges were reported rather than breeding territories. In these cases, home-range size during the breeding period was used as a measure of territory size. Migratory status was recorded but was not a criterion of selection. This process resulted in 50 species for which I had maximum dispersal distance, feeding territory size, and body mass and 31 species for which I had median dispersal distance, feeding territory size, and body mass. Territory sizes and literature sources of these species are listed in Table 1 .
I used least-squares regression to relate log 10 -transformed variables according to the power-law equation:
where Y is a response variable; X is an independent variable; a is a scaling constant derived from the regression intercept, but correcting for different units of measure; and b is a constant equal to the regression slope.
The positive, allometric, log-linear relationship between bird territory size (Y in eq. 1) and body mass (X) was demonstrated by Schoener (1968) . However, an appropriate standard of comparison was required for my study, and so I reanalyzed this relationship using the territory and body masses that were gathered from my literature review. Then, for each of the median and maximum dispersal distance data sets, I regressed dispersal distance against residuals of body mass. Next, I regressed dispersal distance against territory size. Multiple linear regressions were then used to partition the variance in dispersal distance that could be uniquely explained by territory size and body mass. To further assess effects of body mass, I regressed residuals of the log 10 (dispersal distance) vs. log 10 (body mass) regressions against residuals of the log 10 (territory size) vs. log 10 (body mass) regression. Finally, to assess effects of migratory status, these steps were repeated for migrant and non-migrant subsets of the data. Sex-specific analyses were not carried out, as this would have necessitated data splitting and produced small sample sizes. Sutherland et al. (2000) have demonstrated that dispersal distributions are not distinguishable between sexes. Where a species was sexually dimorphic, mean body mass was calculated. Log 10 transformations were used on all variables, and the suggestions of Baskerville (1972) and Sprugel (1983) were followed to correct for bias when retransforming data from logarithms. All statistical analyses were carried out using S-PLUS 6.0 (Insightful Corp., Seattle, Wash.). Schoener (1968) has previously demonstrated that feeding territory size of birds has a positive, log-linear relationship to body mass. This remained true for my data set, whether migratory status was ignored (F [1, 49] = 27.39, R 2 = 0.36, P = 3.45 × 10 -6 ; Table 2 ) or considered (non-migrants, F [1, 25] = 9.14, R 2 = 0.27, P = 0.005; migrants, F [1, 22] = 20.94, R 2 = 0.49, P = 1.47 × 10 -4 ; Table 2 ). A scatterplot of the relationship between the log 10 -transformed values for median natal dispersal distance and territory size demonstrated that slopes were similar for both migrants and non-migrants (Fig. 1A) ; thus, these two groups were initially combined for analysis of median dispersal distance. Sutherland et al. (2000) have previously demonstrated that median natal dispersal distance of birds is positively related to body mass, and this remained true for my subsample of their data (F [1, 29] = 10.26, R 2 = 0.26, P = 0.003). There was a positive relationship between median dispersal distance and breeding territory size that was stronger than the known relationship between dispersal and body mass (F [1, 29] = 20.79, R 2 = 0.42, P = 8.61 × 10 -5 ; Fig. 1A ). The slope of this relationship was somewhat lower than 0.5 (Table 3) . A multiple regression (F [1, 28] = 10.79, R 2 = 0.44, P = 3.35 × 10 -4 ) demonstrated that although 24% of the variation in median dispersal distance was shared by both territory size and body mass, 18% of the variation in median dispersal was uniquely explained by territory size, whereas only 2% was uniquely explained by body mass. There was a positive relationship between the residuals of the median dispersal distance vs. Fig. 1B) .
Results
The regression between median dispersal distance and territory size contained two statistical outliers (Fig. 1) . For exploratory purposes, I removed these data points (which were the Piping Plover, Charadrius melodius, and the Reed Warbler, Acrocephalus scirpaceus) and reanalyzed the data. As expected, removing these outliers strengthened the relationship (F [1, 27] = 94.96, R 2 = 0.78, P = 2.47 × 10 -10 ) and demonstrated that the slope of the main trend was not different than 0.5 (Table 3) . Retransforming these data from logarithms produced an isometric relationship between median dispersal distance and the square root of breeding territory size that can be described as [2] median dispersal distance = 12 territory size Alternatively, the same isometric relationship as described in eq. 2 was obtained when only non-migrants were analyzed (F [1, 15] = 49.84, R 2 = 0.77, P = 3.87 × 10 -6 ; Table 3 ). In other words, median dispersal distance of non-migratory birds was isometrically related to the square root of territory size by a proportion of 12. When the migratory group (including the two outliers) was analyzed separately, there was a weak, positive, but allometric, relationship between median dispersal distance and territory size (F [1,12] = 4.11, R 2 = 0.26, P = 0.058; Table 3 ).
It was apparent from a scatterplot of the log 10 -transformed values for maximum natal dispersal distance and territory size that the slope of this relationship differed between migrants and non-migrants (Fig. 2A) ; thus, these two groups were analysed separately from the outset.
Maximum natal dispersal distance of birds is known to be positively related to body mass (Sutherland et al. 2000) . This was true for the non-migrant birds in my subsample of the Sutherland et al. (2000) data set (F [1, 24] = 3.56, R 2 = 0.13, P = 0.070) but was not true for the migrants (F [1, 22] = 0.11, R 2 = 0.01, P = 0.740). For non-migrants, there was a positive relationship between maximum dispersal distance and breeding territory size that was stronger than the known relationship between maximum dispersal and body mass (F [1, 24] = 9.54, R 2 = 0.29, P = 0.005; Fig. 2A ). The slope of the relationship between dispersal distance and territory size was 0.35 ( Note: Breeding territory size was the independent variable. Only bird species that feed primarily within their breeding territory were included in analysis. Variables were log 10 -transformed. SE, standard error; SEE, standard error of the estimate.
a Combined data include both migrants and non-migrants. Raw data do not have body mass effects removed through regression, whereas residuals do. Two outliers, Charadrius melodius and Acrocephalus scirpaceus, were removed from one analysis. Table 3 . Parameters for cross-species regression of median natal dispersal distance (km) and breeding territory size (ha) of birds. Relationship between median natal dispersal distance of 31 bird species and breeding territory size (A), including only bird species that feed primarily within their territory. In B, both variables are residuals after body mass (kg) has been removed through regression. Non-migrants, ; migrants, ᭺.
multiple regression (F [2, 23] = 4.83, R 2 = 0.30, P = 0.018) demonstrated that 11% of the variation in maximum dispersal distance was shared by both territory size and body mass, whereas 17% of the variation in maximum dispersal was uniquely explained by territory size and only 1% was uniquely explained by body mass. There was a positive relationship between the residuals of the maximum dispersal distance vs. body mass regression and the residuals of the territory size vs. body mass regression (F [1, 24] = 5.66, R 2 = 0.19, P = 0.025; Table 4 ; Fig. 2B ).
For migrants, there was no detectable relationship between maximum dispersal distance and breeding territory size (F [1, 22] = 0.35, R 2 = 0.02, P = 0.561; Table 4 ; Fig. 2A ). A multiple regression (F [2, 21] = 0.17, R 2 = 0.02, P = 0.843) demonstrated that <1% of the variation in maximum dispersal distance was shared by both territory size and body mass, whereas >1% of the variation in maximum dispersal was uniquely explained by territory size and <1% was uniquely explained by body mass. There was no detectable relationship between the residuals of the maximum dispersal distance vs. body mass regression and the residuals of the territory size vs. body mass regression (F [1, 22] = 0.24, R 2 = 0.01, P = 0.625; Table 4 ; Fig. 2B ).
Discussion
My prediction that dispersal distance and territory size should be positively related when considered independently of body mass, was supported for median dispersal distance, regardless of migratory status, and for maximum dispersal distance of non-migrants. Median dispersal distance appeared to have a proportional relationship with territory size (i.e., the slope of this relationship was not different than 0.50). This was especially true for non-migrants but was also true for most migrant species. Because territory size (X) is a squared value, when solving for the power-law eq. 1, X 0.50 becomes X , the square root of territory size. Thus, median dispersal distance could be related to the square root of territory size by a single constant of 12.
A positive, proportional relationship between median dispersal distance and territory size is consistent with two competing hypotheses. First, behavioural and physiological characteristics of any given species, such as diet and body shape, might have similar effects on both dispersal and within-territory movements. This would produce covariation in the extent of both kinds of movement, even after the effects of body mass are removed. I will call this the "vagility" explanation. Alternatively, dispersal distance could be a function of the distribution of vacant territories. This would produce a positive, proportional relationship only if there is a predictable distribution of territory vacancies within any given population so that, on average, the ith territory from any natal territory is the closest vacant one. I will call this the "vacant territory" explanation. This explanation assumes that territories within any given population are contiguous, except for exploitable vacancies, and similar in size. Or at least, variation in the spacing and size of territories within populations must be proportional across species. The vagility explanation requires no assumptions about the spacing or the size of terri- Territory size (log 10 , ha) a Raw data do not have body mass effects removed through regression, whereas residuals do. Table 4 . Parameters for cross-species regression of maximum natal dispersal distance (km) against breeding territory size (ha) of birds.
tories to produce a positive, proportional relationship between dispersal distance and territory size. The present study cannot reject either of these hypothetical explanations. Future studies should be conducted to test whether the assumptions in the vacant territory explanation are realistic. A cursory look at the studies reviewed here suggests that they might not be (e.g., Dhindsa and Boag 1992) .
Maximum dispersal distance had an allometric relationship with territory size. In other words, this relationship was non-linear when retransformed from logarithms. There are a few possible reasons why the maximum-distance data did not support my hypothesis of proportionality. First, the observed slope could be real. Large birds may disperse a shorter distance, or small birds may disperse a longer distance, than expected from isometry with territory size. Second, the observed slope could arise from measurement error. Maximum dispersal distance of birds with large territory sizes could be underestimated, relative to birds with small territories. This situation certainly is possible given that different methods of tracking birds often are used for birds at different scales. Telemetry is more prevalent for birds with large territories, but true maximum dispersers can travel out of range and be censored using this method.
I made no predictions for the effect of migratory status on the dispersal distance and territory size relationship; thus, this aspect of the study was exploratory. Dispersal distance of migrants was more weakly related to territory size than was dispersal distance of non-migrants. This occurred primarily because a number of small-bodied migrants appeared to be outliers from the central relationship between dispersal distance and territory size. The two outliers in the regression between median dispersal distance and territory size were the Reed Warbler and the Piping Plover, migrant species that occupy linear habitats. In such habitats, birds can not disperse in a random direction and it is reasonable speculation that it may take a relatively long distance for these birds to locate a suitable location to settle. Paradis et al. (1998) reached a similar conclusion about patchy habitat in their study of bird dispersal. Wolff (1999) has advocated using residuals of cross-species comparisons to uncover behavioural attributes of species, and these outliers provide such an opportunity. A similar cluster of five migrant species can be observed in the scatterplot between maximum dispersal distance and territory size (Fig. 2) . Three of these species (Reed Warbler, Piping Plover, and Spotted Sandpiper (Actitis macularia)) occupy linear habitats.
The proportion (12) between median dispersal distance and territory size is larger than the proportion (7) between median dispersal distance and home-range size of mammals. Similarly, if one assumed an isometric relationship between maximum dispersal distance and the square root of territory size of birds, the proportion between them would be 200, which is five times greater than the appropriate proportion of 40 for mammals (Bowman et al. 2002) . Clearly, the results indicate that birds disperse a relatively longer distance than do mammals.
Natal dispersal distance and breeding territory size covaried across bird species independently of body mass. Further, the results support previous research on mammals that suggested that the dispersal -home range relationship can be a useful scaling tool for ecologists. In particular, the proportional relationship between median dispersal distance and territory size suggests that some kinds of simulation and population models can be applied across species. The corollary of this idea is that modelling exercises that use median dispersal distance may be applicable to a range of species. Finally, where dispersal distances are unknown, it is straightforward to estimate median dispersal distance from territory size.
